Keywords: melatonin/rat hepatocytes/connexin 32/proliferation/oxidative stress ABSTRACT. Melatonin has antiproliferative and antioxidant effects on cells in vivo and in vitro. Gap junctions mediate the communication between adjacent cells and are closely related to cellular growth and oxidative stress. Wepreviously reported that 2% dimethylsulfoxide (DMSO)which has antiproliferative and antioxidative effects on hepatocytes, induces connexin 32 (Cx32) gap junction protein in primary cultures of adult rat hepatocytes. In the present study, we have examined the effects of melatonin on proliferation, oxidant stress and Cx32 gap junction protein expression in the cultured rat hepatocytes as compared to 2% DMSO treatment. 10~2 M melatonin significantly inhibited the proliferation and the oxidative stress of the cells, and markedly induced Cx32 gap junction protein expression and gap junctional intercellular communication (GJIC). These effects of 10~2 Mmelatonin treatment were not due to cytotoxicity to the cultured rat hepatocytes and they were as strong as those of 2%DMSO treatment. Theseresults suggested that melatonin might be a useful substance to maintain the functions of the hepatocytes in vitro by modulating the levels of proliferation, oxidative stress and gap junction expression.
Cx32 gap junction protein expression and gap junctional intercellular communication (GJIC) . These effects of 10~2 Mmelatonin treatment were not due to cytotoxicity to the cultured rat hepatocytes and they were as strong as those of 2%DMSO treatment. Theseresults suggested that melatonin might be a useful substance to maintain the functions of the hepatocytes in vitro by modulating the levels of proliferation, oxidative stress and gap junction expression.
Melatonin is the principal hormone produced by the pineal gland and is generally known for its ability to modulate the functions of endocrine and circadian rhythm systems (32). Furthermore, melatonin has antiproliferative (3, 5, 13, 43, 46) and antioxidant effects (22, 30, 42) on cells in vivo and in vitro. In the liver, melatonin receptors are observed in cell nuclei (1) and melatonin administration prevents in vivo lipopolysaccharide (LPS) or paraquat-induced oxidative damage in rats (22, 42) .
Gap junctional intercellular communication (GJIC) is thought to play an important role in the maintenance of homeostasis, morphogenesis, cell differentiation and growth control in multicellular organisms (2, 19, 20, 23) . Gap junctions are intercellular membranechannels that link neighboring cells and mediate reciprocal exchanges of molecules of less than 1,000 daltons and ions, including second messengers such as CAMP,inositol trisphosphate and Ca2+, between adjacent cells in contact (37, 39, 44, 45) . They are composed of proteins called "connexins" which have different molecular weights in different tissues (10), although Finbow and Pitts (7) recently reported that ductin may be the basic unit of construction of connexon. In rat hepatocytes, two homologous connexin molecules have been identified (27): connexins 32 (Cx32) as a major component and 26 (Cx26) as a minor component. Wepreviously showed that Cx32 in primary cultures of adult rat hepatocytes is reexpressed and maintained for a long time in modified L-15 medium supplemented with epidermal growth factor (EGF) and 2% dimethylsulfoxide (DMSO) (15). On the other hand, it is also known that 2%DMSOhas antiproliferative and antioxidant effects on cultured hepatocytes (12, 21 , 48) . Recently, we reported that the expression of gap junction proteins in hepatocytes was closely related to oxidative stress and that the property of 2% DMSO as a scavenger of oxygen radicals plays a role in the induction and the maintenance of gap junction proteins in primary cultured rat hepatocytes (17).
In the present study, by using our culture system, we have examined the effect of melatonin on proliferation, oxidant stresss, Cx32 gap junction protein expression and GJIC in cultured rat hepatocytes as compared to that of 2% DMSOtreatment. 10~2 MMelatonin treatment significantly inhibited the proliferation and the oxidant stress of the cultured rat hepatocytes, and marked-2 To whomreprint requests/correspondence should be addressed. ly induced Cx32 gap junction protein expression and GJIC in the cells as strongly as 2%DMSOtreatment.
MATERIALS AND METHODS
Isolation and culture of rat hepatocytes. Male SpragueDawley rats (Shizuoka Laboratory Animal Center, Hamamatsu, Japan) weighing about 300-400 g were used to isolate hepatocytes by the two-step liver per fusion method of Seglen (41) with some modifications. Briefly, the liver was per fused in situ through the portal vein with 150 ml of Ca2+, Mg2+-free Hanks balanced salt solution (HBSS) supplemented with 0.5 mMEGTA(Sigma Chemical Co., St. Louis, MO), 0.5 mg/L insulin (Sigma) and antibiotics. After the brief initial per fusion, the liver was per fused with 200 ml HBSScontaining 40 mg of collagenase (Yakulto Co., Tokyo, Japan) for 15 min. The isolated cells were purified by Percoil isodensity centrifugation (18). Viability of the cells by the trypan blue exclusion test was more than 90%in these experiments. The cells were suspended in L-15 mediumwith 0.2% bovine serum albumin (BSA; Seikagaku Kogyo Co., Tokyo, Japan), 20 mMHEPES (Dojindo, Kumamoto, Japan), 0.5 mg/L insulin (Sigma), 10~7 M dexamethasone (Sigma), 1 g/L galactose (Sigma), 30 mg/L proline (Sigma), and antibiotics.
The isolated hepatocytes were plated at a density of 5 x 105 cells/ml on 35 mmand 60 mmculture dishes (Corning Glass Works, Corning, NY), which were coated with rat tail collagen (500 //g of dried tendon/ml of0.1% acetic acid) (24) and placed on a 100% air incubator at 37°C. Twoto three hrs after plating, the medium was changed to L-15 mediumsupplemented with 0.2% BSA, 20 mMHEPES, 0.5 mg/L insulin, 10~7 Mdexamethasone, 1 g/L galactose, 30mg/L proline, 20 mMNaHCO3, 5 mg/L transferrin (Wako Pure Chemical Inc., Osaka, Japan), 0.2
EGF (Collaborative Res., Lexington, MA), and antibiotics.
The cells were then placed in a humidified, 5% CO2: 95% air incubator at 37°C. The mediumwas replaced with fresh medium every other day. Melatonin (Sigma) was dissolved in 0. 1% DMSOand various concentrations (from 10~9 Mto 2 x 10~2 M) of melatonin were added to the mediumfrom 96 h after plating. 2% DMSO(Aldrich Chemical Co. Inc., Milwaukee, WI) was also added to the medium from 96h (15). In contrast, control cultures were treated with 0.1% DMSOfrom 96 h. To examine cytotoxicity to primary rat hepatocytes by the concentrations of melatonin, lactate dehydrogenase (LDH) activity in the mediumfrom day 8 to day 10 was measured using an LDHassay kit (Serotic Co., Sapporo, Japan Measurement of total protein and nitroblue tetrazolium (NBT)formazan content in primary rat hepatocytes. For measuring the total protein concentration per 35 mmdish, the cells were solubilized by phosphate-buffered saline (PBS) containing 0. 1% Triton X-100 (Sigma) and examined using a protein assay kit (Pierce Chemical Co., Rock ford, IL). NBT(Sigma) was utilized for in vitro evaluation of hepatocytes by measuring formazan produced by reducing agents such as superoxide anions and NADPH oxidase (25). The cells cultured on 35 mmdishes were washed with PBS twice. After addition of 1 ml of PBS with 2 mg/ml NBT, the cells were incubated for 30min at 37°C. NBTwas dissolved in PBS at 37°C, and filtered before use. After removal of the NBTsolution, the cells were fixed with 70% methanol and washed with the methanol three times, after which they were allowed to air-dry. Formazancontent in the cells was measured according to the method of Rook et al. (34) with some modifications as follows (17). Formazan was solubilized by adding 0.98 ml of DMSO after cell destruction with 0.84 ml of 2 MKOH.The solution was collected for measurementof formazan content at OD. 630 nm. The formazan content was determined as the value per total protein and three dishes were examined per experiment. The results are shownas a percent of control values demonstrated as a histogram.
Immunofluorescence microscopy. The cells grown on coated glass coverslips (BIOCOAT, Becton Dickinson Labware) were fixed with acetone for 30 min at -20°C. After rinsing with PBS, the coverslips were incubated at roomtemperature (RT) for 1 h with a mouse monoclonal anti-rat Cx32 antibody (9). The cells were then incubated with fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG (DAKO, Copenhagen, Denmark) at RT for 1 h. Furthermore, some of the coverslips were also incubated at RT for 1 h with rhodaminephalloidin (RP, Sigma). All samples were examined with a Nikon Fx epifluorescence photomicroscope (Nikon, Tokyo, Japan).
Western blot analysis. The dishes were washed with PBS twice and 1 ml of the buffer (1 mMNaHCC>3and 2 mg/L leupeptin (Sigma)) was added to 60-mm dishes. The cells were scraped and collected to the eppendorf tubes and then sonicated for 30 sec. The sonicates were centrifuged at 4,500 x g for 10 min. The final pellets were resuspended in Laemmli sample buffer without dithiothreitol (DTT). The protein concentration of the samples was determined using a protein assay kit (Bio-Rad, Richmond, CA). Twenty fig of protein of each sample was treated with DTT(final concentration of 100 mM)for 15 min at RT and then loaded on 12.5% SDS-polyacrylamide gel (Daiichi Pure Chemicals Co., Tokyo, Japan).
After electrophoretic transfer to a nitrocellulose membrane (Bio-Rad) using semi-dry blotting for 6 h (0.65 mA/cm2), the membrane was stained with Ponceau S (Sigma) and photographed. Thereafter, the membranewas saturated overnight at 4°C with a blocking buffer (25 mMTris, pH 8.0, 125 mM NaCl, 0.1% Tween 20, A%skim milk) and was incubated with a mouse monoclonal anti-rat Cx32 antibody at RT for 2 h. The membranewas incubated with a horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Vector Laboratories, Burlingame, CA) and 3,3'-diaminobenzidine (DAB) was used as a substrate.
Northern blot analysis. Total RNAwas extracted from the cells, using the single-step thiocyanate-phenol-chloroform extraction method (4) as modified by Xie and Rothblum (49) . For the electrophoresis, 10 /ig of total RNAswas loaded on \% agarose gel containing 0.5 mg/L ethidium bromide. Gels were capillary-blotted in 20 x standard saline citrate (SSC) onto a nylon membrane (Hybond-N; AmershamCorp., Buckinghamshire, UK) and fixed by ultraviolet light. For detection of Cx32 mRNA,digoxigenin (DIG)-labeled RNAprobes were prepared from rat Cx32 cDNAs(28) using an RNAlabeling kit (Boehringer Mannheim, Mannheim, Germany). Hybridization, washing and chemiluminescent detection were carried out following the DIG luminescent protocol (ll). Scanningdensitometry was performed using a Macintosh LC-520 computer (Apple Computer, Cupertino, CA) and an EPSONGT-5000 scanner (Seiko Epson, Suwa, Japan). The signals were quantified by the NIH Image 1.52 Densimetric Analysis Program (Wayne Rasband, NIH, Bethesda, MD). Expression of the transcripts is shownas a percent of 0 h (isolated hepatocytes) values demonstrated as a histogram. Measurement of gap junctional intercellular communication (GJIC). For measuring GJIC, we used the scrape loading/dye transfer method with some modification (15). Hepatocytes on 35 mmdishes were rinsed several times with PBS. Twoor three lines were madearound the center of the dish using a surgical blade and 2ml of 0.05% Lucifer yellow CH(LY; Sigma) in PBS was added to the dishes after scraping. LY is a small molecule (457 Da) which can freely move through gap junctions from loaded cells to neighboring ones. Three minutes after the dye treatment, the cells were rinsed several times with PBSto remove excess dye. Wealso used rhodamine dextran (10 kDa; Sigma) which is known not to movethrough gap junctions, as a control dye. Weimmediately observed the intensity of LYtransfer with an Olympusinverse microscope equipped with appropriate filters (Olympus, Tokyo, Japan) and photographed it. To measure the intensity of LY, the number of cells labeled by LYwas counted on either side of the scrape line (120-/im-wide) 
RESULTS
Cytotoxicity by melatonin to primary rat hepatocytes. Figure 1 shows LDHactivity in the mediumof cultured rat hepatocytes from day 8 to day 10. In the medium of the cells treated with 2x lO~2Mmelatonin, LDHactivity significantly increased compared to the control. Furthermore, 10~3 Mand 10~2 Mmelatonin treatment or 2% DMSOtreatment significantly inhibited LDHrelease. As a result, only 2x 10~2 M melatonin treatment was toxic, while melatonin treatment at the concentrations from 10~9Mto 10~2Mor 2% DMSO treatment was non-toxic. Effect of inhibition on proliferation of primary rat hepatocytes. Figure 2 duced by the oxidative stress was observed as a blue deposition and was monitored at OD. 630nm. The changes of NBTformazan content of the hepatocytes are shown in Figure 3 . In the hepatocytes cultured with the control medium, the NBTformazan content was maintained at a high level from 24 h until day 10 (17).
In the cells treated with 10~2Mmelatonin or 2% DMSO, the NBTformazan content decreased significantly at day 10 compared to that of the control. Effect on actin organization of primary rat hepatocytes. To examine actin filament organization of the cultured hepatocytes, RP staining was carried out. In the hepatocytes cultured with the control mediumat 96 h and day 10, the stress-fiber-like bundles were observed not only at the cell periphery but also in the cytoplasm (Fig. 4a and b) . In the hepatocytes cultured with 10~2 M melatonin or 2%DMSOat day 10, actin filaments were concentrated under the plasma membraneat the cell boundaries and they were observed as circumferential actin filament bundles ( Fig. 4c and d) . Effect on Cx32 expression of primary rat hepatocytes. As we previously reported (15), the expression of Cx32 in hepatocytes cultured in 2% DMSOmedium could be detected by immunocytochemistry, Western blot and Northern blot. In this experiment, the expression of Cx32of the hepatocytes treated with melatonin was also examined by immunocytochemistry, Western blot and Northern blot, and then compared to those of the cells treated with 2% DMSO. Figure 5 shows the changes of fluorescence immunocytochemistry for Cx32 in the cultured hepatocytes. In the cells cultured with the control medium, Cx32-positive spots were rarely observed from 96 h ( Fig. 5a and  b) . In the cells treated with 2% DMSO,may Cx32-positive spots were observed between adjacent cells at day 10 (Fig. 5d) . In the cells treated with 10~2 Mmelatonin, some Cx32-positive spots were observed (Fig. 5c) , while in the cells treated with melatonin at doses of 10~3 M or less, Cx32-positive spots were never seen (data not
shown). Figure 6 shows the changes of Cx32 protein in the cultured hepatocytes. In the cells cultured with the control medium at 96 h and day 10, the expression of Cx32 protein was at a low level. At day 10, in the cells treated with melatonin at a dose of 10~2 M, the expression of Cx32 protein markedly increased and 10~2 Mmelatonin treatment induced it as strongly as 2% DMSO treatment. However, in the cells treated with melatonin at doses of2x 10~2M, and 10~3 Mor less, the expression of Cx32 protein was at a low level. Figure 7 shows the changes in transcripts of Cx32 mRNA in the hepatocytes. In the cells cultured with the control medium at 96h and day 10, the expression of Cx32 mRNAwas at a very low level. At day 10, in the cells treated with melatonin at doses from 10~9 M to 10~5 M, the expression of Cx32 mRNAslightly increased compared to that of the control. In the cells treated with melatonin at doses of 10~3 Mand 10~2 M, the expression of Cx32 mRNAmarkedly increased and 10~2 Mmelatonin treatment induced it as strongly as 2% DMSOtreatment. However, in the cells treated with melatonin at a dose of 2x lO~2 M, the expression of Cx32 mRNA was at a very low level. Effect on GJIC of primary rat hepatocytes. To examine GJIC in the hepatocytes at day 10, scrapeloading/dye transfer was performed (Fig. 8) . In the cells cultured in the control medium, the dye spread was 1 to 2 cells thick (Fig. 8a) . In the cells treated with melatonin at doses of 10~3 Mand 10~2 M, the dye spread significantly increased and 10~2 M melatonin treatment markedly induced it as strongly as 2%DMSOtreatment (Fig. 8b, c and d) .
DISCUSSION
In the present study, we demonstrated that in primary cultures of adult rat hepatocytes, melatonin could not only significantly inhibit the proliferation and the oxidative stress of the cells but also markedly induce Cx32 gap junction protein expression and GJIC. The effects of melatonin treatment were not due to cytotoxicity to the cultured rat hepatocytes and they were as strong as those of 2% DMSOtreatment. However, the effects needed melatonin concentrations greater than the physiological concentration. Melatonin has antiproliferative (3, 5, 13, 43, 46) and antioxidant effects (22, 30, 42) on various cells in vivo and in vitro, while its effects on seasonal reproduction and circadian rhythms are also well known(32). In vitro antiproliferative action of melatonin on several tumor cell lines, including melanoma, sarcoma, macrophagelike cells, fibroblasts, choriocarcinoma, human cervical cancer cells and humanbreast-cancer cells was also observed (3, 5, 43, 46) . Furthermore, Karasek et al. (13) reported that a significant inhibition of the proliferation of transplanted hepatoma cells was observed in vivo following melatonin administration, whereas melatonin at concentrations from 10~5 to 10~n Mwas ineffective on the hepatoma cells in vitro. On the other hand, melatonin is a very potent and efficient endogenous radical scavenger. Pineal indolamine reacts with the highly toxic hydroxyl radical and provides on-site protection against oxidative damage to biomolecules within every cellular compartment (32). However, these antioxidant effects require melatonin concentrations about 106 fold greater than the physiological melatonin concentration.
Gap junction proteins can transmit growth-controlling signals and they have been proposed to be instrumental in the regulation of cell growth (20, 45, 50) . On the other hand, oxidative stress has been also shownto inhibit GJIC in some systems. Oxygenradical ing compounds such as TPA, DDT and paraquat inhibit GJIC in various cells in culture (14, 36, 38) . Furthermore, several antioxidants such as superoxide dismutase and a-tocopherol prevent the inhibition of GJIC induced by phenobarbital and DDTin mouse hepatocytes (35) .
In the present study, melatonin significantly inhibited the proliferation and the oxidant stress of the cultured adult rat hepatocytes. The antiproliferative effects of melatonin on the hepatocytes were observed at doses of 10~3 M and 10~2M, and 10~2M melatonin treatment completely inhibited the proliferation of the cells as strongly as 2% DMSOtreatment. The antioxidative effects of melatonin on hepatocytes were observed at a dose of 10~2 M. Both effects required melatonin concentrations greater than the physiological concentrations, which were from 10~n M to 10~9 M. The mechanism of melatonin's effect on cellular growth remains unclear. It is recently reported that melatonin's inhibitory effect on growth of ME-180humancervical cancer cells is not related to intracellular glutathione concentrations, which are more sensitive to oxidative stress (3). Furthermore, melatonin inhibits the proliferation of MCF-7human breast-cancer cells by blocking or delaying the cell progression from Go/Gi to the DNAsynthetic phase of the cell cycle (5). We hypothesize that melatonin may indirectly inhibit the proliferation of the cultured rat hepatocytes through inducing gap junction expression or the other factors such as cyclin-dependent kinase inhibitor p21 wafl/cipl because we very recently found high expression ofp21 wafl/cipl in our 2% DMSOculture system (data not shown). More recently, it was reported that melatonin could enhance GJIC in normal C3H/10T1/2CL8 mouse fibroblasts cell line (47) . In the present study, melatonin markedly induced gap junction protein Cx32 expression and GJIC in cultured rat hepatocytes. In the hepatocytes cultured in control medium, Cx32-positive spots were not observed, and the expression of Cx32 mRNA was very low. In the cells treated with melatonin at day 10, the expression of Cx32 mRNAmarkedly increased at doses of 10~3 Mand 10~2 M. In the cells treated with 10~2 M melatonin, the expression of Cx32 mRNAand protein was as strong as with 2%DMSO treatment. However, some Cx32-positive spots were observed between adjacent cells treated with 10~2 Mmelatonin at day 10, while manyCx32-positive spots were observed in 2% DMSO-treated cells. In the cells treated with melatonin at doses of 10~3 Mand 10~2 M, extensive GJIC was significantly observed and 10~2 M melatonin treatment induced GJIC as strongly as 2% DMSOtreatment. These results were also co-related with the expression of Cx32 mRNAas we previously reported (17). It is knownthat that control of gap junction proteins occurs at different levels during transcriptional, post-transcrip- oxidant effects of melatonin to the cells. In this connection we previously reported that Cx32 expression and GJIC in primary cultures of adult rat hepatocytes were induced by 2% DMSOor 25 mMdimethylthiourea (DMTU) treatment, which inhibits the proliferation and the oxidative stress of the cells (17). On the other hand, in the cells treated with melatonin or DMSO, the expression of Cx26 was not detected by Northern blot analysis and immunocytochemistry (data not shown). This suggested that the expression of Cx26and that of Cx32 were differentially regulated (16, 17, 31, 33) . As we previously reported (16), we thought that the expression of Cx26 in cultured hepatocytes may be regulated by the concentrations of hormones such as glucagon or glucocorticoid.
On the other hand, melatonin affected actin organization, observed as circumferential actin filament bundles. Circumferential actin filament bundles were observed in the cultured hepatocytes which had well-maintained differentiated hepatic functions using a 2% DMSO culture system (21) and a collagen gel sandwich culture system (6). Furthermore, 10~3M or 10~2M melatonin treatment significantly inhibited LDHrelease compared to the control as 2%DMSOtreatment. Thus we thought that high-melatonin-concentration treatment might be a useful substance to maintain the various functions of the hepatocytes in vitro. Oxidative stress occurring in toxicological conditions is related to cell injury in vivo. Gap junctions are also closely related to changes in cells. It was recently reported that the down-regulation of Cx32 expression in liver occurs during LPS-induced acute inflammation via a post-transcriptional mechanism (8). Melatonin administration could prevent LPS-induced oxidative damage in the rat liver in vivo (22). It is possible that melatonin may also prevent the down-regulation of Cx32 expression in the liver during acute inflammation. Furthermore, high-melatonin-concentration treatment in vivo may affect not only normal hepatocytes but also neoplatic nodules of the liver in which increases of cellular growth and oxidative stress, and a decrease of gap junction expression are observed (26, 40) .
